Th approaches and quantify the periods of validity for SS/NSS conditions defined in previous works. The SS approach is valid throughout the entire season in oligotrophic regions. In temperate regions, the SS introduces a bias in the export if sampling takes place outside specific temporal windows. Windows of validity range from days in short blooms of~15-day duration to weeks in blooms longer than~30 days.
Introduction
Carbon export and sequestration result from a large variety of biological, ecological, physical, and chemical processes (Ducklow et al., 2001) . The mechanisms of the biological pump (BP; Volk & Hoffert, 1985) are responsible for transforming dissolved inorganic carbon into organic biomass and pumping it into the deep ocean. The capability of the oceans to export and store carbon via the BP are ultimately controlled by the production, transport, and destruction of particles (Passow et al., 2006) and influences global atmospheric CO 2 levels (Kwon et al., 2009) . Accurate estimates of the magnitude of the BP and carbon export fluxes are therefore key to improve our predictions of the ocean's carbon uptake.
In situ techniques have been widely used to evaluate particle fluxes and the efficiency with which particulate organic carbon (POC) is exported from the surface ocean (Buesseler, 1998) . Our current knowledge of the magnitude of carbon export fluxes relies on a spatially and temporally limited number of field measurements, mostly based on sediment traps (both tethered and, more recently, Lagrangian neutrally buoyant NBSTNeutrally Buoyant Sediment Trap -and PELAGRA-Particle Export measurement using a LAGRAngian traptypes; Buesseler, Trull, et al., 2008; Buesseler et al., 2007; Lamborg et al., 2008; Lampitt et al., 2008; Marsay et al., 2015; Owens et al., 2013) , and radioactive pairs (mainly 234 Th; Buesseler et al., 1998; Ceballos-Romero et al., 2016; Le Moigne, Villa-Alfageme, et al., 2013; Roca-Martí et al., 2015; Rutgers van der Loeff et al., 1997; Stewart et al., 2011; Verdeny et al., 2009) . However, the simultaneous use of traps and 234 Th method does not always provide consistent estimates (e.g., Verdeny et al., 2009; Stewart et al., 2011; Ceballos-Romero et al., 2016) and questions the consistency of our current estimates of the magnitude of the carbon export flux.
Steady State Versus the Non-Steady State Assumptions
Measurements are frequently limited by single-time samplings of the study sites due to difficulties in cruise programming and time restrictions, so the assessment of 234 Th activity gradients in time or space is challenging. It is thus necessary to assume simplifications in the sampling conditions, such as neglecting changes in 234 Th concentrations over time-the so-called steady state (SS)-to compute 234 Th flux (Buesseler et al., 1992) . Along with other factors, the SS assumption has been repeatedly acknowledged as a source of uncertainties and discrepancies with sediment trap results since the beginning of the use of the method (e.g., Buesseler et al., 1992 Buesseler et al., , 1998 Maiti et al., 2008; Rutgers van der Loeff et al., 1997; Savoye et al., 2006) . 234 Th cannot trace fast exports events because deficits unavoidably persist in the water column according to its half-life (i.e., 24.1 days). This is crucial for the evaluation of the export using 234 Th measurements (Amiel et al., 2002) .
A large proportion of the ocean exhibits variability in the export within the half-lives of the radionuclides and the SS assumption may not be always valid. The consequences of using the SS approach to obtain 234 Th-derived POC fluxes (Th-POC hereafter) has been extensively discussed. The seminal work of Buesseler et al. (1992) showed that temporal change in 234 Th activity might be an important term in the budget and claimed that the SS assumption underestimates 234 Th removal in periods of intense scavenging, while overestimates it during postbloom conditions. Subsequent studies have proposed that assuming SS conditions is only accurate when the production varies slowly in time scales of 234 Th half-life (Buesseler et al., 1992; Savoye et al., 2006) so the SS approach might introduce a systematic bias Maiti et al., 2009) . In fact, studies from Buesseler et al. (1995) and Maiti et al. (2008) clearly showed that 234 Th cannot always be systematically assumed to be in SS. According to Rutgers van der Loeff et al.
(1997) and Savoye et al. (2006) , the SS approximation could yield to overestimate (underestimate) 234 Th fluxes by a factor of 6-7.
Quantification of the accuracy of the SS assumption applied to 234 Th profiles on the export estimate is very rarely done since it requires a precise knowledge of the evolution of 234 Th deficits over time. A non-SS (NSS) approach provides an alternative way to interpret 243 Th deficits that accounts for the temporal changes in 234 Th concentration. It is based on the difference between two successive profiles (Buesseler et al., 1992) .
When repeated sampling at the study area is possible, and uncertainties associated to the 234 Th concentration measurements are small enough, the temporal change of 234 Th concentration can be accounted for by including a linear correction to the SS solution (Buesseler et al., 2005) . However, the NSS approximation does not always guarantee a better estimate than the one obtained with the SS approximation due, for example, to high uncertainties obtained mainly due to physical effects (i.e., heterogeneity of water masses and advective and diffusive influences; Resplandy et al., 2012) . If the differences in 234 Th concentrations are relatively low, the export estimate would have a high uncertainty (Friedrich & Rugters van der Loeff, 2002) . The key issue for the success of the NSS approach relies on the time scale between the reoccupations (Savoye et al., 2006; Stukel et al., 2015) . Savoye et al. (2006) thoroughly examined the assumptions behind both SS and NSS 234 Th flux model and recommended reoccupations of the sampling sites from 1 to 4 weeks after first occupation.
Overall, partly due to the fact that it is very often the only possible choice, the most widely used approach to estimate the downward 234 Th flux is a simple one-box-SS model of 234 Th uptake (detailed elsewhere, e.g., Buesseler, 1998; Savoye et al., 2006) in which contributions due to horizontal and vertical advection and diffusion process of the dissolved 234 Th are generally neglected (e.g., Ceballos-Romero et al., 2016; Le Moigne, Villa-Alfageme, et al., 2013; Roca-Martí et al., 2015; Stewart, Cochran, Miquel, et al., 2007) or quantified and found negligible (e.g., Morris et al., 2007) . The majority Th-POC export estimates available are calculated under these idealized conditions where the deficit of 234 Th is exclusively due to the downward flux of 234 Th resulting from sinking particles scavenging (see review by Le Moigne, Henson, et al., 2013, and Planchon et al., 2015; Puigcorbé et al., 2017; Roca-Martí et al., 2015; Rosengard et al., 2015) . Present global carbon databases might therefore correspond to biased estimates of the carbon export. This likely compromises our estimates of the global strength of the BP (Henson et al., 2011) and partly accounts for the inconsistencies reported in the global carbon budgets (Burd et al., 2010; Giering et al., 2014) .
Our Numerical Approach
Addressing the correct interpretation of the current Th-POC flux estimates requires a quantitative comprehension of the SS and NSS approaches and the possible bias introduced by their use. Only a few studies have considered the possible effect of nonsteadiness on the export (Amiel et al., 2002; Benitez-Nelson et al., 2001; Buesseler et al., 1992 Buesseler et al., , 1998 Coppola et al., 2005; Friedrich & Rugters van der Loeff, 2002; Gustafsson et al., 2004; Resplandy et al., 2012; Rutgers van der Loeff et al., 1997; Savoye et al., 2004 Savoye et al., , 2006 Wei & Murray, 1992) . Comparisons between SS and NSS solutions have generally reported NSS estimates higher relative to SS ones early in the bloom, while the opposite behavior in periods of export declination (Amiel et al., 2002; Benitez-Nelson et al., 2001; Buesseler et al., 1992; Savoye et al., 2006) . Some other studies have found good agreement between estimates (Coppola et al., 2005; Gustafsson et al., 2004) .
A thorough comparison between both approaches is nonetheless limited by the insufficient in situ time series data to apply a NSS model. Previous discussions on the topic can be therefore improved with the use of mathematical tools to quantify the vertical and temporal evolution of 234 Th activities. The novelty of this work is the use of a novel approach based on stochastic simulations to couple particle dynamics and radioisotope scavenging in ocean waters by using time-dependent functions. Thereby, this method allows us to study transient regimes by means obtaining outputs over time for any time scale of interest (de Soto et al., 2018) and quantify the SS/NSS issue through comparing the SS and NSS export estimates with the actual carbon flux.
Here four simplified bloom scenarios with contrasted temporal variability are used to obtain the time series vertical concentration of sinking carbon and 234 Th (both dissolved and particulate) along the season. From these outputs, we evaluate carbon export flux during the season in three different ways: (i) directly from the simulated carbon concentration as the total carbon sinking flux, as done in situ with sediment traps (e.g., Lampitt et al., 2008) , and indirectly from the simulated 234 Th-238 U disequilibrium, as done with the 234 Th, using both (ii) SS and (iii) NSS approaches. We assess the impact of interpreting 234 Th deficits assuming SS conditions and applying an NSS linear correction by comparing the results with the simulated trap fluxes. From this, we quantify the valid time windows for 234 Th sampling during which is accurate to use the SS/NSS approaches as function of the temporal variability the export. We aim to set general guidelines regarding the periods of validity for SS-and NSS- 234 Th export estimates. This will bring new insights into the discrepancies between trap and radionuclide-based export estimates reported and provides a practical perspective for the correct use of current and future Th-POC export estimates. Finally, we compile and discuss the reliability of 234 Th-based export estimates reported by previous published studies for different biogeochemical settings according to our predictions.
Methods

Simulation for Seasonal Carbon Flux
The concentration of particles through the ocean is balanced by the production of new particles, mainly in the euphotic zone, their degradation and recycling by biological processes, and their sinking (details, e.g., Burd et al., 2000) . Time and depth variations in particles concentration are governed by a continuity equation that relates particle production, sinking, and degradation processes (see, e.g., Kriest & Oschlies, 2008) . Models differ in the parametrization of these processes chosen and the way they resolve the continuity equation. Most of them compute the concentration of particles by solving the continuity equation in time and/or depth for time-independent parametrizations of the production and degradation processes (as done in Burd et al., 2000; Marchal & Lam, 2012, among others) . As a novelty to previous models, the simulation here employed solves the continuity equation simultaneously both in time and depth and includes an explicit parametrization of the particle production variable over time. Therefore, the simulation allows to study the transient regimes that are not usually included in previous studies (e.g., Burd et al., 2000; Jackson & Burd, 2001; Marchal & Lam, 2012) and provides an ideal test bed for the study of sampling sites that are not in SS conditions.
Seasonal Particle Dynamics and Radioisotope Scavenging
We simulate particle production, sinking, degradation, and 234 Th scavenging by those particles in the oceans along the season in simplified bloom scenarios. We obtain the evolution of the profiles in depth of the concentration of both sinking carbon and 234 Th (dissolved and particulate) over time. To do so, in the simulation, particles 1. are randomly produced within the mixed layer depth with a depth-dependent probability distribution and a time-variant rate (i.e., production function); 2. are moved to depth with a depth-and time-invariant sinking rate common for all particles; 3. are allowed to interact with dissolved radionuclide and trace metals of interest in a first-order process via effective adsorption/desorption rates; 4. are randomly destroyed with a depth-dependent probability distribution and a time-invariant rate (i.e., degradation function); and 5. the seasonal carbon export curve is built. A temporal decoupling between steps 1 and 4 can be introduced or not depending on the specific case of study (see section 2.1.2).
The implementation of a time-variant production rate is an innovative approach that reproduces the fluctuations occurring during a bloom similarly in the field. It allows to assess the observed seasonal variation in the production of particles and simulate any temporal pattern of the carbon export and obtain the associated 234 Th export along the season.
The equations used to simulate particle dynamics and radionuclide scavenging are shown in the supporting information. A thorough description of the simulation can be found in De Soto et al. (2018) . We obtain (i) the depth profile of sinking carbon concentration throughout time (n(z, t)) as a result of the iterative application of steps 1, 2, and 4, and the depth profile of 234 Th concentration throughout time in (ii) the dissolved phase (a D Th (z, t)) and (iii) the particulate phase (a P Th (z, t)) as a result of the iterative application of step 3. Hence, from our simulation we obtain the equivalent concentration profiles to those sampled in situ with traps and 234 Th along the season.
Building the Seasonal Carbon Export Flux Curve
Different approaches and data sets can be used to reproduce the seasonal carbon export curve (see point 5 in the previous section). In this specific study, we chose data from Porcupine Abyssal Plain site (48°N, 16.5°W, PAP site) and use annual time series of satellite-derived chlorophyll a (Chl a) data to qualitatively establish the temporal dependence of POC export along the season (see point 1 in the previous section). We simplify and assume that the Chl a and the primary production (PP) follow the same temporal pattern and implement the function that best fits the annual pattern of Chl a concentrations as input for particles production rate. This function defines our production curve and the day from maximum production (DFMP) establish the prebloom and postbloom phases. In our simulations using data from the PAP site, the recognized temporal decoupling between PP and subsequent export is accounted for by following Stange et al. (2016) , who estimated average time lags (TLs) of~7 days in the North Atlantic based on in situ studies in arctic, temperate, and subtropical regions. Therefore, we assumed no delay between production and export. We introduce the concept of day from maximum export (DFME) to distinguish prepeak and postpeak phases and set the day of maximum production of sinking particles as day of maximum export (i.e., DFMP = DFME). This parameter is relevant in the context of our definition of prepeak (postpeak) phases in relation to prebloom (postbloom) conditions (as discussed in section 4).
We assume that the uncertainty of assuming no delay in the built export curve is relatively small in this case given the short TL estimated at the PAP site relative to the typical bloom duration of several weeks in the PAP site (e.g., Le . Thereby, it is accurate enough to use the variation of Chl a annual pattern as guidance to set the progression of the export over time. Nevertheless, note that when necessary, a temporal offset between Chl a and export can be numerically added to our simulation.
In other areas, if a significant delay between production and export is expected, the approach used for the PAP site to obtain the export curve is a simplification of a real scenario. However, it does not impair the 10.1029/2018GL079968
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assessment of the effect of the SS and NSS approaches in the interpretation of 234 Th data as a function temporal variability of the export.
The TL between production and export changes substantially with ocean region and season, so each case of study must be therefore analyzed independently according to the region under study Stange et al., 2016) . In ocean regimes with longer TL, for example,~15 days in latitudes the Grand Bay (27.9°N, 15.4°W; Stange et al., 2016) we need a more realistic representations of the export curve. In those cases, (i) we can reevaluate the export curve based on Chl a data and introduce the estimated TL corresponding to the region; (ii) alternatively, when available, we could use time series of in situ measured PP, or export profiles-either in situ measured or extrapolated from previous studies in the region-from other techniques, such as sediment traps, to construct the export curve.
On the other hand, at this stage of the simulation, no changes in the mixed layer depth over time and negligible lateral/vertical advection are included in the water mass where the particles are produced. Although this is a simplification of the 234 Th system since physical supply and loss terms cannot be always considered minimal (Buesseler et al., 1995; Maiti et al., 2008) , in many scenarios, it is found that physical terms contribute <10% to the overall activity (Buesseler, 1998) , especially in open ocean settings (Savoye et al., 2006) , and 234 Th flux mainly is driven by its half-life and its scavenging by particles.
The degradation function comprises all the processes that result in the partial or total release of the particulate carbon back to the water (dissolved phases of carbon), such as zooplankton feeding, microbial degradation, and solubilization of particles. For simplicity, it was chosen to be instantaneous rather than gradual, so the action of the degradation function on a particle entirely and instantaneously returns its carbon content back to the dissolved phase and, in practical carbon terms, destroys the particle entirely. The effective adsorption rate accounts for all the processes that result in the conversion of dissolved 234 Th in to its particulate phase and vice versa for the degradation rate.
Our simulated scenario is therefore a simplification of a real complex ecosystem, however, provides the base to further implement more realistic situations that include more complex processes such as multiple particle size, temporally variable degradation and sinking rates, or physical non-SS effects due to circulation (see de Soto et al., 2018) , and it serves as a flexible test bed for analyzing the bias introduced when using SS or NSS approaches for Th-POC fluxes evaluation. In actual bloom scenarios where physical effects due to water circulation might play a significant role, the accuracy of the SS/NSS approaches may only be expected to be reduced. We therefore study a best-case scenario with our simplified bloom simulation and acknowledge that the biases for real blooms would be always larger than for this simple case.
Seasonal POC Fluxes
From our simulation, we calculate 234 Th sinking fluxes along the season from the computed 234 Th-238 U disequilibrium (both assuming SS conditions: P SS Th and applying a linear NSS correction: P NSS Th ) and convert them to POC fluxes by using the simulated ratio of POC to 234 Th on sinking particles (see, e.g., Ceballos-Romero et al.,
2016, for more details). To analyze both approximations in relation to the sampling moment and the bloom stage, 234 Th-derived POC results are compared to the POC flux estimated directly from the sinking carbon.
In detail, by using our three primary computed outputs (n(z, t), a D Th (z, t), and a P Th (z, t)) we estimate the daily variation of the POC flux reproducing the three ways POC export is measured by field measurements:
Sediment traps:
The POC flux is obtained directly from the computed profiles of sinking carbon concentration-output (i)-as the total amount of carbon that sinks per unit of surface and time at a given depth. In the simplest case of all particles being identical the flux out of the surface is dictated by the sinking speed (v):
This will be referred as direct-POC flux hereafter.
234 Th technique (single sampling: SS):
The POC flux at a given depth is obtained by converting the 234 Th sinking flux-by using outputs (ii) and (iii)
-estimated assuming SS conditions, that is, constant or slowly changing 234 Th concentrations over time:
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where a U is the sea-conservative 238 U total concentration, calculated from calibrated salinity measurements (Owens et al., 2011) , a Th is the simulated 234 Th total concentration-a D Th (z, t) + a P Th (z, t)-and λ Th is 234 Th halflife (T 1/2 = 24.1 day). This will be referred as SS-POC hereafter.
3. 234 Th technique (resampling: NSS):
The POC flux at a given depth is obtained by converting the simulated 234 Th sinking flux-by using outputs
(ii) and (iii)-estimated assuming reoccupation of the sampling site after a time gap Δt, and including an NSS correction for the temporal change of 234 Th activities:
This will be referred as NSS-POC hereafter.
Experimental Data
Seasonal variation of direct-and Th-POC fluxes are obtained for any biogeochemical setting desired by adjusting the input parameters (see section 2.1.1). In this study, we use the complete data set from the exhaustive sampling at the PAP site that took place on board RRS Discovery in cruise Finally, data from PELAGRA traps (Lampitt et al., 2008) , and 234 Th-derived POC fluxes from several studies that combined both techniques simultaneously to estimate the export (e.g., Ceballos-Romero et al., 2016; Le Moigne, Villa-Alfageme, et al., 2013; Stewart, Cochran, Xue, et al., 2007) were compared to our modeled results (section 4).
Results and Discussion
Temporal Evolution of Particle Concentration and 234 Th Deficits
We simulated the daily evolution of the vertical profiles of sinking carbon concentration and associated 234 Th-238 U disequilibrium along the season from the period from~100 day before the maximum export (here referred from now on as prepeak), up to~180 day after the export starts to decline (here referred hereafter postpeak). The time series simulated profiles are shown in the supporting information ( Figure S1 ).
We found that sinking carbon concentration changes over time keeping pace with the temporal variation of carbon export. However, the time series profiles of 234 Th deficit increases as the carbon export increases but then persist almost constant for a certain period of time when the export starts to decline. This temporal evolution of 234 Th activities was emphasized in the first application of 234 Th deficits for POC flux in the seminal work of Buesseler et al. (1992) . This work shows the time series profiles in a high resolution for the first time.
The contrasted reaction of 234 Th deficits to changes in the carbon export during the prepeak and postpeak export phases is a consequence of the different mechanisms that govern the increase and decrease of 234 Th deficits (de Soto et al., 2018) . The increase of 234 Th deficits is the result of the adsorption process and the export, both dictated by the particle dynamics. Rapid reactions of sinking carbon concentrations to the increments in carbon export, due to the increase in Chl a concentrations, drive rapid reactions of 234 Th deficits.
Therefore, the use of the SS assumption during the prepeak phase must be used with special care, or it may lead to a biased quantification of 234 Th flux and derived POC flux, as reported by in situ studies (e.g., Benitez-Nelson et al., 2001; Buesseler et al., 1992) . The decrease of 234 Th deficits is controlled by both desorption and degradation processes, along with the radioactive decay of 234 Th itself. The total radioactivity is considered to have disappeared after five half-lives. In the case of 234 Th, this means that the half-life of 234 Th causes the persistence of 234 Th disequilibrium in the water column up to~120 days. Consequently, despite the decrease of the concentration of sinking carbon, 234 Th concentrations remain approximately constant during a lapse of time ruled by 234 Th half-life and starts changing over time afterward. In our simulation, this implies that, in the postpeak phase, there is a time window of~40 days during which the assumption of SS conditions to estimate the export with the 234 Th technique is correct, because 234 Th concentration remains fairly constant. Figure 1a shows the direct-, SS-, and NSS-POC flux estimates obtained from the time series simulated vertical profiles of sinking carbon concentration and 234 Th deficit following approaches 1-3, respectively (see section 2.1.2), along the entire productive season (from DFME À100 to DFME +180). Note the variability of the direct POC flux estimate, which is characteristic of the stochastic approach, we follow for the creation of sinking mass and can be reduced by incrementing the amount of total sinking mass created per day (de Soto et al., 2018) . A quantification of the overall uncertainties was done assuming relative errors of 10% for the main methodological sources of error (i.e., total 234 Th concentration and 234 Th concentration in particles) in order to better reproduce the in situ performance of the 234 Th method (shaded curves).
Seasonal Export: Defining "Windows of Success" for Sampling
These seasonal results allow for comparison of the accuracy of the SS and NSS approaches applied to the 234 Th technique in relation to the direct methods and to analyze their reliability to evaluate the POC flux. The SS approach (Figure 1 , light-blue lines) successfully predicts the direct-POC flux within uncertainties when the sampling takes place in a specific time frame (Figure 1a , shaded box). This time frame delimits a "window of success" (WOS) to sample for a SS 234 Th analysis that extends after the export peak. Outside from this window, the SS assumption introduces a delay in the export estimate, which yields to an underestimation of the POC flux during the prepeak phase and an overestimation during the postpeak phase.
In the case of a bloom of 45 days of duration that we simulated, the WOS lasts~30 days, from DFME~5 to DFME~35 according to Figure 1a (shaded box). This implies that the SS underestimates the export from DFME À80 to DFME 5 and overestimates it from DFME~35 to DFME~130.
A further analysis of the duration and variability of these WOS in terms of the temporal shape of the bloom is carried out in the next section.
Regarding the NSS approach, in case that cruise strategy allows WOS resampling of the stations, it is the most successful solution applied to the 234 Th technique to predict POC export. However, it is important to note that in that case, uncertainties increase due to special variability due to physical events (Resplandy et al., 2012) . A balance between the uncertainties associated to the in situ determination of the 234 Th concentration and the temporal changes of 234 Th concentration due to de novo export events has to be considered. Uncertainties may be too large to estimates from 100 days before to 100 days after the maximum production (denoted as DFMP 0). Overall uncertainties associated to both SS and NSS approaches are also marked. Both satellite-derived Chl a concentrations and the Gaussian best fit employed to reproduce them were also included (green points and green lines respectively). The shaded box indicates the sampling period during which the SS approach provide consistent results with the direct estimate of the export (the so-called "window of success").
Corresponding plots for blooms reproduced using a production rate that follows a Gaussian function of width of (b) 15 days, (c) 30 days, and (d) 60 days. Chl a = chlorophyll a; DMFP = day from maximum production; POC = particulate organic carbon; SS = steady state; NSS = non-SS.
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accurately measure 234 Th concentration if the resampling takes place too soon. Also, if the time lag between reoccupations increases to time scales larger than local spatial gradients, temporal changes in 234 Th concentration might not be representative of the same water mass of the first sampling (Resplandy et al., 2012) and the linear correction would not be sufficient. Our results suggest that, when reoccupation of the sampling stations takes place within lapses of time between 2 and 3 weeks, an NSS assessment of the export would be accurate (see supporting information, Figure S1 ). Outside of that reoccupation time, the SS is recommended.
How Does the WOS Change With Bloom Duration?
The duration of the bloom typically ranges from weeks to months and depends on latitude (Cole et al., 2012) . The extent of the consequences of assuming SS in 234 Th scavenging models depends on the range of temporal variability (Buesseler et al., 1992) . Therefore, the duration of the WOS is expected to rely, among other factors, on the rapidity of the onset/decline of the production periods and on the magnitude/duration of the production (i.e., the temporal variability and intensity of the bloom). We assess here the influence of the temporal pattern (intensity/length) of the bloom on the duration of the WOS.
The width of the Gaussian function used as production rate controls both the magnitude and the rate of changes in the concentration of particles in our simulation (see section 2.2). Scenarios with same productivity (i.e., equal total amount of POC sinking carbon produced along the season) but contrasted bloom duration are reproduced by implementing Gaussian distributions that generate the same total number of particles during the year but with different widths. This is a way of producing blooms of different intensities.
The duration of the WOS increases between sampling frames lasting from~6 days in short blooms of~15-day duration (Figure 1b ),~17 days in intermediate blooms of~30 days duration (see Figure 1c ), to~71 days in long blooms of~60-day duration (Figure 1d ).
In the North Atlantic, phytoplankton typically show a slow growth rate from winter to spring and rapid decline afterward (Mignot et al., 2018) . This contrasted temporal variability in the particle production throughout the year is simulated by implementing nonsymmetric Gaussian distributions for the production function (see section 2). In the case of a moderate (i.e.,~45 days) growth and rapid (i.e.,~15 days) decline the duration of the WOS is~14 days ( Figure S3a ), while in the opposite case, the case of rapid growth and moderate decline, it lasts~22 days ( Figure S3b ).
Our results therefore quantitatively show that the more gradual the onset/decline of the production season is, the longer the sampling periods during which the SS provides consistent results with the directly derived export will extend.
When calculating Th-POC fluxes, we recommend to use these WOS as a reference to determine the accuracy of the SS equations, but they should not be taken as fixed definitive WOS. This is because real bloom are the result of much greater complexity. Indeed, the duration of the WOS is subjected to multiple factors beyond the bloom temporal variability, such as the methodological uncertainties associated to field measurements or spatial variability. Note that the duration of the WOS is not significantly sensitive to the ratio degradation rate/sinking rate (i.e., the main simulated POC flux controller [de Soto et al., 2018] ; see Figure S4 ).
On the other hand, in the case of the NSS approach, a permanent WOS for sampling for an accurate evaluation of the export extends along the entire productive season regardless the bloom duration and intensity for the correct time lag between reoccupations of the sampling site (Figures 1 and S2 ). We found that the best results for reoccupation times of 2-3 weeks (Figure 1 and S2 of Article 3). Table 1 shows a compilation of several studies that evaluated the POC export using simultaneously sediment traps and the SS- 234 Th technique. We compare the success of assuming SS to calculate the POC flux from 234 Th profiles to estimate the trap-derived POC reported in the North Atlantic by Stewart et al. (2011) at the Bermuda Atlantic Time Series (BATS) station, Le Moigne, Villa-Alfageme, et al. (2013) at the PAP site, and Ceballos-Romero et al. (2016) in both Irminger Basin (IRB) and Iceland Basin (IB) to the predictions of our seasonal studies. In order to correctly refer the WOS to prebloom (postbloom) conditions in the real scenarios of the three cases, we need to introduce a TL between production and export, depending on the sampling area (see section 2). Following Stange et al. (2016), we corrected our DFME with an average factor of À7 days for all the North Atlantic studies. Taking this into account, we find that our predictions are in agreement with the results reported in the literature for both the PAP site and the BATS stations.
Implications
For example, at the PAP site, the time gap between the decline of the bloom and the start of sampling was 34 days (Ceballos-Romero et al., 2016, Figures 4c and 4d) , which relative to the DFME of our study of a 45-day bloom, implies that we performed sampling within the WOS and therefore found agreement between PELAGRA and SS- 234 Th. A similar agreement between literature results and our predictions is found for both BATS studies, where both Chl a and PP concentrations show very low variability (Villa-Alfageme et al., 2016, Figure 2 ), and thus, sampling it was always very likely take place during the WOS. This would explain why previous studies have reported good agreement between traps and 234 Th in oligotrophic regions (e.g., Maiti et al., 2016; Owens et al., 2013; Stewart et al., 2011) . Therefore, we believe that the SS approach can be successfully applied to 234 Th in midlatitudes between 30°N and 30°S where limited seasonal variability (Cole et al., 2012) likely entails conditions close to SS (Maiti et al., 2016) , and field campaigns in these regions (e.g., at station ALOHA in Hawaii or BATS) are likely unaffected when assuming SS in radionuclide concentrations. The NSS provides consistent results with traps and 234 Th-SS-derived POC when sampling along the postpeak phase for blooms with moderate and low (i.e., 45-60 days) temporal variability.
In the case of the North Atlantic (IRB and IB), confronting our predications is more complicated since biochemical conditions in 2010 were atypical in these regions Henson et al., 2006 Henson et al., , 2013 Ryan-Keogh et al., 2013) . Chl a concentrations were anomalously high and persisting through autumn 2010 (Ceballos-Romero et al., 2016, Figures 4a and 4b) despite both regions usually present postbloom conditions during July (Nielsdóttir et al., 2012; Sanders et al., 2005; Waniek & Holliday, 2006) . According to our predictions, the SS approach would significantly overestimate the trap-derived export when sampling at the beginning of the postpeak phase in blooms with high temporal variability (i.e., 15 days), and this could explain the discrepancies of an order of magnitude between direct-and SS-POC reported by Ceballos-Romero et al. (2016) in the IRB and IB.
Finally, the uncertainty associated to the Th-POC flux is also related to its spatial variability. Previously, several studies pointed out a significant submesoscale variability of the 234 Th fluxes in some locations. For instance, Buesseler et al. (2009) showed that the 234 Th flux varied over 35-40% on spatial scales of 200-300 km at BATS and K2. Further, Resplandy et al. (2012) reported both measured and modeled variabilities in 234 Th fluxes of about 50% at the PAP site during the D341 cruise (whose results are shown here). Additionally, Estapa et al. (2015) found that 234 Th-derived export fluxes presented a spatial variability at the submesoscale level (~2 km)
at BATS likely due to upwelling and horizontal advective fluxes. Stewart et al. (2011) .
e Export scenario qualitatively comparable to our smooth 60-day bloom ( Figure S2c ).
f Export scenario qualitatively comparable to our short and intense 15-day bloom ( Figure S2a ).
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Note that in a regional scale, as shown in the seminal work of Resplandy et al. (2012) , the uncertainties associated with spatial variability cannot be uncoupled from the uncertainties of assuming SS or NSS. This is applicable to every in situ 234 Th measurements made. If sampling occurs within WOS, one can assume that the spatial variability is then the main source of discrepancy.
The areas mentioned above were clearly associated to SS conditions, with the exception of K2-that is, as all in stable postbloom conditions and within WOS-and confirm the large variability of 234 Th fluxes at the mesoscale and submesoscale level. Because of this, the export fluxes from PAP site, during D341, used in this work were averaged from 10 profiles collected within 100 km. Le Moigne, Villa-Alfageme, et al. (2013) found a variability of 234 Th-derived POC fluxes in the area of 50%, in agreement with Resplandy et al. (2012) model for 234 Th fluxes but also in agreement with the variability from sediment traps deployed in the same area. Since the sampling was performed within WOS, the discrepancies between profiles for 234 Th-derived POC fluxes could be due to the spatial variability of the POC export as predicted by Estapa et al. (2015) for BATS, in agreement with the conclusions from Resplandy et al. (2012) .
Conclusions
With our simplified bloom simulation we are able to predict discrepancies between direct and SS- 234 Th export although the quantification of the actual magnitude of the discrepancies requires a greater complexity in our representation of the bloom. Overall, our predictions suggest that the accuracy of the current available 234 Th-derived estimates of carbon export based on the assumption of the SS should be reevaluated in relation to the WOS presented here.
In future 234 Th studies, we recommend to examine the available information on the main phenomenological events of interest associated with the bloom, which includes bloom timing, and/or peak date, and/or duration, and, when possible, spatial variability, detailed by station to precisely assess the WOS for each station.
